Within the Hohe Tauern National Park (Austria), we studied biological soil crusts (BSCs) in the surroundings of the Hochtor and the Großglockner High Alpine Road (2 500 -2 600 m). Biological soil crusts (BSCs) consist of cyanobacteria, algae, lichens, and bryophytes, which alter soil factors, including water availability, nutrient content, and susceptibility to erosion. We detected approximately 45 taxa of Cyanoprokaryota and eukaryotic algae, 51 taxa of lichens, and 38 taxa of bryophytes at our study sites, of these the darkcoloured lichen Toniniopsis obscura is dominant. Bryophytes and vascular plants are of minor importance. Compared to uncrusted sites, crust sites exhibit significantly higher contents of organic matter, total nitrogen, and plant-available nutrients. Water storage capacity and aggregate stability are also higher in the crusted soils. Susceptibility to erosion is one fourth lower in crusted soils than in uncrusted soils. Preliminary results also suggest that BSCs are captors for heavy metals as they accumulate higher amounts of atmogenic heavy metals than bare soils.
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Introduction
Biological soil crusts (BSCs, also referred to as cryptogamic, cryptobiotic, microbiotic, or microphytic crusts) are a complex mosaic of cyanobacteria, algae, microfungi, lichens, mosses and liverworts growing on and within the uppermost layers of the soil (Büdel 2002; Büdel 2003; Büdel 2005; Belnap & Lange 2005 ). BSCs are mainly described for semi-arid and arid ecosystems worldwide (e. g. West 1990; Johansen 1993; Eldridge & Greene 1994; Belnap, Büdel & Lange 2003; Tirkey & Adhikary 2005) . In these areas, they fulfil a number of important ecological functions, including soil stabilization, atmospheric nitrogen fixation (N 2 ), nutrient storage and vascular plant establishment (Shields & Durrell 1964; Griffiths 1965; Campell et al. 1989; Danin et al. 1989; Belnap & Gardner 1993; Moore 1998; Belnap et al. 2001; Aranibar et al. 2003; Belnap 2003a; Lange 2003; Housman et al. 2006) . The filamentous cyanobacteria form entangled structures that tighten the soil surface and protect it from erosion. Mucilage produced by the cyanobacteria serves as a binding agent, and photosynthesis products enrich the soil with organic matter which improves its structure and biological activity (Lange et al. 1994; Lange et al. 1998) . Because many cyanobacteria and cyanobacterial lichens are capable of fixing nitrogen, the soil is enriched with nitrogen, improving growth conditions for plants (Davey & Marchant 1983; Smith et al. 1990; Belnap & Gardner 1993; Belnap & Harper 1995 In contrast to the numerous studies from arid lands, knowledge about BSCs in alpine ecosystems is patchy. With the exception of Pérez (1997) who investigated the microbiotic crusts in the high equatorial Andes, and Gold et al. (2001) who analysed the functional influences of cryptobiotic crusts in an alpine tundra basin of the Olympic Mountains (Washington, USA), only Türk & Gärtner (2003) give an overview of the organism diversity in BSCs of the Alps and deal with alpine soil crusts, carrying out their studies in high alpine sites of the Großglockner area (Hohe Tauern, Austria). In continuation of this investigation, we extended our research program in the last two years, including new sites, with particular emphasis on the following topics: 1) species composition, 2) comparison of crust properties with those of Hochtor, Großglockner High Alpine Road, Hohe Tauern National Park uncrusted sites, 3) successional stages of BSCs, and 4) possible consequences of external disturbances for biological crusts.
Material and methods

Study sites
The study was conducted at sites west and east of the Hochtor, close to the Großglockner High Alpine Road, located at 47° 05' 00'' N and 12° 50' 34'' E ( Figure 1) . The elevation of the study sites ranges from 2 500 to 2 600 m, the annual precipitation averages 2 000 mm, and the mean air temperature ranges from −10° C to −8° C in January and from 2° C to 4° C in July. 70 -80 % of the precipitation falls as snow and snow cover lasts 270 to 300 days (Auer et al. 2002) . Due to strong wind effects, fine-earth translocation over long distance is typical (Gruber 1980) . Five transects of 5 to 20 m length were set, both on siliceous sites within the Brennkogel formation (B1 and B2) and on calcareous sites within the Seidlwinkl Triassic formation (Plattenkar, Schareck). Each transect includes a transition zone from crusted to non-crusted sites.
addition, samples were also taken beneath crust layer to evaluate the vertical distribution of heavy metals. For this investigation, we selected an area of about 1 ha, including different distances from the Großglockner High Alpine Road, and different slope directions. At each sampling point, five replicate soil samples were taken and mixed. We used metal cylinders (Ø 5 cm, length 1 cm) to obtain the samples for microbiological analyses at the sites of the soil sample plots. Cultivation and determination of Cyanoprokaryota and eukaryotic soil algae was carried out at the Botanical Institute of the University of Innsbruck (Bischof & Bold 1963; Gärtner 1996) . The samples for physicochemical analyses were air-dried and sieved (< 2 mm) and the samples for heavy metal analyses were ovendried (105° C) and ground in a ball mill. In our study, we applied ÖNORM and ISO standards on soils (see Blum et al. 1996) : -soil pH: electrometric in 0,01 M CaCl 2 dilution; -particle-size distribution (soil texture) by the pipette method and sieving; -organic matter content by dry combustion of carbon -"total" nitrogen by the Kjeldahl method; -plant-available phosphate and potassium by the calcium-acetate-lactate (CAL) method; -heavy metals: acid digestion (HNO 3 : HCl = 3:1) using the microwave technique; determination of Cu, Zn and Pb by flame AAS, determination of Cd by graphite furnace AAS; -water storage capacity: gravimetric after soil saturation with water and drying at 105° C; -aggregate stability: water drop experiment according to McCalla (1944) , modified by Griffiths (1965) . Water drops of a defined size and with a defined frequency were dropped upon dried soil particles of 1 mm size from a defined height. The proportion of soil particles washed through a 1 mm sieve was rated by a given number of drops; -soil erodibility was estimated according to the empirical soil loss model (modified) by Wischmeier & Smith (1978) . The erodibility factor (K) is based on different laboratory analyses including particle size analysis and organic matter content as well as field assessment of soil structure and permeability. Taxon identification and nomenclature followed Ettl & Gärtner (1995) for Cyanoprokaryota and eukaryotic algae, Frey at al. (1995) for mosses and liverworts and Poelt (1969) , Poelt & Vězda (1977; 1981) , Wirth (1995) and Hafellner & Türk (2001) for lichens. Vascular plant nomenclature followed that in Fischer et al. (2008) . The Mann-Whitney U-test was used to compare soil properties in crusted and uncrusted soils using SPSS programs for Windows, version 16. We rated composition and abundance of lichens, bryophytes and vascular plants along each transect using a frequency frame of 10 cm x 20 cm. Soil types were described on spade-dug pits and classified according to the World Reference Base for Soil Resources (WRB 2006) . We collected soil samples at 1 m to 5 m intervals, both from upper soil layer (0 -2 cm) where soil is mostly affected by biological crusts and from uncrusted soil sites, covering a depth range of up to 10 cm. In Compared to algae and lichens, bryophytes (including mosses and liverworts) contribute little to biomass and cover degree within alpine soil crusts. This fact might be closely linked to the competition pressure of lichens (primarily through the species Toniniopsis obscura), which are better adapted to short dry periods than bryophytes. However, bryophytes can establish only on sites where the crust layer is cracked, but they are often poorly developed (small scrubby forms) and thus difficult to identify. Due to the harsh climate, the above-ground biomass of bryophytes is low, but the subterranean moss protonemata and rhizoids, which are interspersed throughout the soil crust matrix, are of major importance and are likely to contribute to soil stability.
We recorded approximately 38 taxa, among them 7 liverworts, in the study area. Most of them are ubiquitous and exhibit a wide altitudinal range (colline to alpine). 
Soil characteristics and successional stages
Soil types on cellular dolomite, dolomite, and chalk marble occurring east of the Hochtor include pale Skeletic Regosols on gravelly scree slopes, and Rendzic Regosols on fine weathered carbonatic (gypsiferous) material. The Skeletic Regosols consist of a thin layer of Cyanoprokaryota that live on or just below the soil surface. Cyanoprokaryota and eukaryotic algae belong to the first colonizers and together with aeolian deposits, including mineral and organic components (see Gruber 1980; Küfmann 2009), they contribute to a first pedogenesis. The Rendzic Regosol has a 1 cm to 3 cm thick A-horizon and is covered with a 0.2 cm to 1 cm thick crust layer. The crust surface sometimes has a polygonal structure and an uplifted (rolling) surface as a result of frost. Crust biomass and water absorbance capacity are high in this crust type because algae, bryophytes and lichens absorb a lot of water (Brotherson & Rushford 1983; Eldridge 2003; . Once the soil surface is covered by lichens and bryophytes, the underlying soil is protected from raindrop impact and resists detachment of particles during surface flow events (Belnap & Lange 2005; Lazaro et al. 2008) . Lichens and bryophytes also have anchoring structures (rhizinae, and rhizohyphae) that penetrate down into the soil as deep as 15 mm. On mica schists, green schists, phyllites and gneiss occurring west of the Hochtor, acid Cambisols with depths of 15 cm to 25 cm are common. Because of permanent slope movement (gelifluctuation), the whole solum is interspersed with stones of different sizes. When soils are young and relatively unweathered, only a thin layer of Cyanoprokaryota occurs whereas on better consolidated soils a thicker, lichen-dominated rolling crust is typical. The pH value ranges from 6.4 to 7.7 on limestone sites and from 4.5 to 6.2 on siliceous sites. The soil texture corresponds to loamy sand without significant differences between sites. Humus content (top soil) is between 9.9 % and 18.7 % in acid soils, and between 7.9 % and 21.3 % in calcareous soils. This high amount of humus content is typical for Umbric Leptosols or "Alpine Humus Soils" (see Posch 1977) . In contrast, total nitrogen content is rather low in the topsoil, and ranges from 0.12 % to 0.26 % in calcareous soils, and from 0.13 % to 0.33 % in siliceous soils. This could be caused by low annual temperature which hampers cyanobacterial activity and N-fixation (Horne 1972; Davey & Marchant 1983; Haselwandter 1983; Gold et al. 2001; Huber E. et al. 2007 ). Denitrification and nitrate eluviations are also potential losses (Belnap 2002; Belnap 2003b ). On the other hand, nitrogenous precipitation, melt water and also mineral dust are often additional sources of soluble N compounds in alpine soils. According to Psenner & Nickus (1986) and Graber et al. (1996) , the impact of atmogenic N in the Central Alps is between 0.1 and 1.4 g N / m 2 per year, maybe supplemented by anthropogenic ones. In this respect, we have to calculate the traffic related NO X emissions of the Großglockner High Alpine Road, with 350 000 vehicles per season one of the most frequented mountain roads of the Alps. Unfortunately, no data is available on air-borne nitrogen pollutants for the Hochtor site so far. In the limestone area, the crust layer exhibits higher contents of clay and fine silt, organic matter and total nitrogen. Water storage capacity and aggregate stability are also higher in the crusted soils. However, susceptibility to erosion in crusted soils is one fourth lower than in uncrusted soils (Table 2) . Total nitrogen level in crusted soils averages about twice that of uncrusted soils. Plant availability of phosphate is 6 times higher and that of potassium is 5 times higher than in uncrusted soils. The differences between crusts and non-crusty surfaces are significant, with the exception of the pH and the water storage capacity. According to our preliminary studies, BSCs also act as captors for atmogenic heavy metals. This is especially true for lead: its highest value reaches 239 mg / kg of dry matter. While lead, cadmium and zinc have higher concentrations in crusts, those of copper and nickel are higher in the subsoil (Table 3) . The extra high amount of lead may be due to long distance input or is traffic-related and can be considered as residual waste from the time when petrol was leaded. In any case, the slope direction rather than the distance from the road seems to be crucial for the distribution of lead. In accordance with the main wind direction, the NW-facing slopes are more contaminated with lead than the slopes of other directions. Further research on this topic is already in progress.
Conclusions
The research on alpine soil crusts has illustrated the importance of BSCs for soil stabilization, nitrogen fixation, nutrient availability and vascular plant establishment even in alpine environments. Airborne silt and clay particles as well as humus particles can be trapped by sticky cyanobacterial sheaths, and by surface roughness created by biological crusts. This results in a higher amount of silt, clay and humus on the soil surface, improving fertility and water absorbency of the soil. Rolling crusts also affect vascular plants as they retain seeds, which mainly germinate in crust interspaces. According to our observations, crusts do not inhibit shoot spread and root penetration after seedling germination. It is expected that an increase in biomass and cover of all these crust organisms yields valuable benefits for alpine ecosystems. In particular, biological soil crusts should be considered a key factor in soil nitrogen turnover, able to support the nitrogen needs of bryophytes and vascular plants, but the regulating mechanisms have not really been understood so far (see Dickson 2000; Breen & Lévesque 2008) . Therefore, our object for the future will be to clear up open questions about nitrogen turnover and to corroborate hypothetical approaches by our own investigations. However, BSCs are highly vulnerable to disturbances. Trampling by hikers and livestock (sheep and goats) may destroy the quite fragile crust layer. Once the connections between crust aggregates have been broken, the crust becomes liable to wind and water erosion that bares the subsoil. Once the soil is removed by erosion, the ecosystem has lost its basis for plant growth (cf. Brotherson et al. 1983; Beymer & Klopatek 1992; Belnap 1995; Belnap 1996; Belnap & Gillete 1996; Eldridge 1998; Evans & Belnap 1999; Eldridge & Leys 2003) . Even at our sites, near paths and on wind-exposed crests, we repeatedly noticed damages on the crust layer caused by mechanical forces and/or climatic constraints. How long recovery of crust cover and species richness may take and how the succession of organisms proceeds would be another research topic for the future. The Hohe Tauern National Park with its high protection status is in an excellent position to promote such activities to gain insight on natural processes through long-term observation. Furthermore, based on our preliminary studies, the management of the Hohe Tauern National Park should make visitors aware of the ecological significance of BSCs as well as their vulnerability to outsides disturbances and what could happen once BSCs have been destroyed.
